Nanotechnology-based bio-barcode amplification analysis offers an innovative approach for detecting neurotransmitters. We evaluated the efficacy of this method for detecting norepinephrine in normal and oxidative-stress damaged dopaminergic cells. Our approach use a combination of DNA barcodes and bead-based immunoassays for detecting neurotransmitters with surface-enhanced Raman spectroscopy (SERS), and provides polymerase chain reaction (PCR)-like sensitivity. This method relies on magnetic Dynabeads containing antibodies and nanoparticles that are loaded both with DNA barcords and with antibodies that can sandwich the target protein captured by the Dynabead-bound antibodies. The aggregate sandwich structures are magnetically separated from the solution and treated to remove the conjugated barcode DNA. The DNA barcodes are then identified by SERS and PCR analysis. The concentration of norepinephrine in dopaminergic cells can be readily detected using the bio-barcode assay, which is a rapid, high-throughput screening tool for detecting neurotransmitters.
INTRODUCTION
Catecholamines, which influence a variety of motivated behaviors, attention span, and neuronal plasticity, play a critical role in learning and memory. 1 The most abundant catecholamines in the human body are dopamine, adrenaline, and norepinephrine (NE). 2 In particular, NE is a catecholamine neurotransmitter that acts as a biochemical messenger in mammalian central nervous systems and in neuronal cells. Increased NE causes neuronal death in Alzheimer's disease, 3 and the loss of NE in neuronal cells in the brain is associated with Parkinson's disease. 4 Increased plasma NE is associated with coronary heart disease 5 and with muscle sympathetic nerve traffic in human obesity. 6 In addition, NE is involved in the occurrence and development of cardiac hypertrophy through the activation of myocardial adrenergic receptors on cell membranes in myocardial tissue. 7 Furthermore, an overcommitment to work is associated with lower NE secretion and is known to produce psychosocial stress in humans, 8 * Author to whom correspondence should be addressed. Email: jwchoi@sogang.ac.kr Received: 14 November 2014 Accepted: 4 July 2015 whereas increased 24 h urinary NE excretion is a symptom of depression and anxiety in middle-aged women. 9 Thus, accurate determination of NE levels is crucial from a clinical point of view.
Several methods have been employed for the selective determination of NE, including microdialysis, 10 endcolumn chemiluminescence, 11 high-performance liquid chromatography capillary electrophoresis coupled with amperometric detection, 12 ion chromatography with direct conductivity detection, 13 micellar electrokinetic capillary chromatography with UV absorbance detection, 14 and voltammetry. 15 A novel ultrahigh-sensitivity technique known as the bio-barcode amplification assay was recently reported, 16 however, no studies have reported the detection of NE from dopaminergic cells using this method.
The bio-barcode DNA assay enables highly sensitive detection of proteins and nucleic acids. 16 This method involves two types of particles: magnetizable spheres modified with a functional group that has an affinity for the target of interest, and nanoparticles modified with a second group that has an affinity for the same target, along with an oligonucleotide barcode DNA that can act as a reporter for the target of interest. 17 18 The limit of detection of proteins 17 A key aspect of the bio-barcode DNA assay is the use of gold nanoparticles, which enables simultaneous loading of detection antibodies/probes and a large quantity of barcode DNA per gold nanoparticle. 19 Because gold nanoparticles are readily coupled with both antibodies and DNA, this technique avoids the complicated preparation of antibody-DNA conjugates required in immuno-polymerase chain reaction (immuno-PCR). 19 In addition, the large ratio of DNA to antibody (typically 100-300:1) on the functionalized gold nanoparticles further improves the sensitivity of the bio-barcode DNA assay. 19 In addition, surface-enhanced Raman spectroscopy (SERS) using metal nanoprobes has shown promise as a detection method by increasing the sensitivity of Raman spectroscopy. 20 SERS enhances the Raman signal intensity by a factor of 10 6 to 10 14 , thus allowing detection of picoto femtomolar amounts of biomolecules. 21 Functionalized SERS nanoparticles, in the presence of Raman-active molecules, are typically used for the detection, sensing, or imaging of biological samples such as DNA, proteins, cells, and tissues. 22 In particular, SERS has been used to confirm the viability of substrates such as microlithographically prepared silver posts, electron-beam lithographically produced arrays of elongated gold nanoparticles, lithographically produced triangular nanoparticle arrays, goldnanostructured films deposited on polystyrene colloidal crystal templates, and gold template particles grafted onto silanized glass. 23 24 Additionally, the chemical synthesis of silver or gold SERS substrates has progressed rapidly in recent years owing to the special optical properties of the substrates and their potential application to plasmonics and sensors. 7 In this study, we present the first example of NE detection with a bio-barcode assay in the context of an established Parkinson's disease marker. We show that the modified bio-barcode method can detect NE, and this is significant because NE is recommended as the most effective marker for diagnosing and monitoring patients with brain disease.
EXPERIMENTAL DETAILS
DNA Oligonucleotides, Bio-Barcode DNA, and PCR Primers The sequences of the thio-capped oligonucleotide and the bio-barcode DNA were 5 -CCA CAC TGC CGG ATG TGG ATT TAA CCT TTC TGC TAA TGT GTT-(A) 10 -(CH 2 3 -SH-3 and 5 -SH-AAC ACA TTA GCA GAA AGG TTA AAT CCA CAT CCG GCA GTG TGG-3, respectively. The forward (F5-AAC ACA TTA GCA GAA AGG TTA AAT CCA CAT-3) and reverse (R5-ATG TGG ATT TAA CCT TTC TGC TAA TGT GTT-3 ) primers for amplifying the bio-barcode DNA were synthesized by Bioneer (Seoul, Korea). 4 , and 66 L borate buffer were combined in a 0.2 mL PCR tube and incubated at 37 C at 1400 oscillations/min for 24 h. The magnetizable spheres were separated magnetically after incubation. To block any remaining active sites on the spheres, 250 L blocking buffer, consisting of phosphate-buffered saline (PBS, pH 7.4) with 0.5% bovine serum albumin (BSA) and 0.05% Tween 20, was added to the magnetic spheres and the mixture incubated at 37 C for 24 h. Following incubation, the magnetizable spheres were once again separated magnetically and washed twice with 1 mL magnetic-probe solution containing PBS (pH 7.4), 0.1% BSA, and 0.05% Tween 20.
Preparation of Functionalized Gold Probes
The antibody-and thiol-capped oligonucleotides were conjugated onto gold nanoparticles using a previously described one-step method. 25 The antibody-and thiol-capped-oligonucleotide-conjugated gold nanoparticles were re-suspended in 4 mL of PBS. Bio-barcode DNA (0.8 OD) was added and hybridized for 4 h at room temperature. The solution was centrifuged (13,000 × g, 30 min) at 4 C, and the resultant NE-nanoparticle-dsDNA complexes were re-suspended in a solution of 0.15 M NaCl and 0.01 MPBS and stored at 4 C. The antibody-and DNA-conjugated gold nanoparticles were detected using a UV-visible spectrophotometer.
Capture of NE in SH-SY5Y Cells by the Bio-Barcode DNA Assay SH-SY5Y cells were cultured in the presence of CO 2 (5%) at 37 C in Dulbecco's modified eagle's medium supplemented with fetal bovine serum (10%) and 0.5% antibiotics. Supernatant was collected from cell cultures and used directly for bio-barcode DNA analysis.
In a typical experiment, an immunoassay was conducted consisting of generation of a magnetic immunoprobe/ norepinephrine/gold immunoprobe sandwich, followed by collection of the DNA bio-barcodes by magnetic separation and thermal dehybridization. 25 Protein extraction was performed by protease K enzyme analysis. After incubation for 1 h at 50 C, the supernatant of the reaction mixture was used as a template for PCR or conjugated to complementary DNA in nanogold plates (see below, Section Preparation of Complementary DNA in Nanogold Plate for SERS Detection). NE was detected by RT-PCR for the matrix gene according to a procedure published elsewhere, with some modifications. 8 The obtained RT-PCR products were analyzed using 2% agarose gel electrophoresis. DNA was also detected by SERS. Complementary DNA was detected by its Raman signal; however, non-complementary DNA did not exhibit a Raman signal.
Preparation of Complementary DNA in Nanogold Plate for SERS Detection Well-ordered nanoporous alumina masks were prepared from aluminum foil (99.99%, 100 m in thickness) via a two-step anodization process. 26 An indium tin oxide (ITO) glass substrate was placed on the alumina mask, and the two were turned upside down. The filter paper was then carefully peeled from the alumina mask. The alumina mask with through-holes and the ITO glass were placed on a sample holder in an evaporator system. Gold was deposited on the ITO substrate through the pores of the nanoporous alumina mask using a thermal evaporator (ULVACVPC-260) with a vacuum pressure of 3 × 10 −6 Torr and an evaporation rate of approximately 0.1 Å s −1 . After gold deposition, the alumina mask placed on the ITO substrate was dissolved for 5 min in 10 wt/v% NaOH, and then the substrate was rinsed three times in distilled water. After the pre-treatment, a well-ordered complementary DNA (5 -SH-AAC ACA TTA GCA GAA AGG TTA AAT CCA CAT CCG GCA GTG TGG-3) was fabricated directly on the freshly cleaned gold electrode.
Raman Spectroscopy
The biocomposition of living cells and the effect of neurotoxic agents on SH-SY5Y cells were investigated by SERS using Raman NTEGRA spectra (NT-MDT, Zelenograd, Moscow Russia). The maximum scan range (XYZ) was 100 m × 100 m × 6 m; the resolution of the spectrometer was 200 nm in the XY plane and 500 nm along the Z axis. Raman spectra were recorded using an NIR laser emitting light at a wavelength of 785 nm. Ten scans of 1 s each from 500 to 1600 cm −1 were recorded, and the mean of those scans was used in the analysis.
RESULTS AND DISCUSSION
Synthesis and Characterization of Anti-NE-Conjugated Barcode DNA The bio-barcode assay utilized 60 nm Au nanoparticle probes and tosyl-activated magnetic Dynabeads, each cofunctionalized with a polyclonal antibody that recognized the target antigen (Fig. 1) . The Au nanoparticle probes are modified for detection of antibody and barcode DNA strands (43 bp/particle). Note that half of the barcode for each target is the target-reporting oligonucleotide probe, while the other half is identical for all the barcodes and is in effect a universal sequence. The Au nanoparticle probes were stored at a concentration of 0.8 O.D., with the excess barcode DNA removed prior to use by washing in 0.15 M NaCl, 0.025% Tween 20, 0.1% BSA, and 10 mM PBS (pH 7.4). During the assay, the target antigens are captured in solution by magnetizable spheres, each conjugated with a monoclonal antibody specific for an epitope of the target antigen different from the one recognized by the gold probe. 17 The target-magnetizable sphere complexes are sandwiched between the antibody-conjugated Au nanoparticle probes (Fig. 1) . These complexes are isolated using a magnetic field, washed, and the barcode DNA strands are released from the nanoparticle probes by a ligand exchange process induced by the addition of dithiothreitol. The bio-barcode strands are then identified by PCR and SERS.
We constructed nanogold substrates containing approximately equal numbers of Au nanostructures that contained SERS-active spots. Au dots with a controlled size and uniform spatial distribution for use as a nanobioplatform for the SERS detection plate were achieved reproducibly by using nanoporous alumina masks. The close-packed hexagonal pore array of the alumina plays a very important role in determining the ordering of the nanostructures. 26 To achieve this, a long-range-ordered ultrathin alumina mask with through-holes was placed on an ITO glass substrate. The mask could bind to the substrate via van der Waals interactions. 27 The average diameter of the openings in the nanoporous alumina was 73 ± 5 nm, as measured by scanning electron microscopy (SEM) analysis (Fig. 2) . A representative SEM image of the Au nanosubstrate arrays formed on the ITO glass after removal of the alumina mask is shown in Figure 2 . The uniform nanostructures form periodic patterns with an average distance of separation of 100 nm. It could be clearly seen that the uniform nanoporous structures were formed as a replica of the mask, in spite of the problems inherent in their growth on the ITO glass. The average diameter of the gold nanoisland arrays was approximately 70 ± 5 nm. 28 An SEM image of the immobilized colloidal gold nanoparticles showed that the average particle diameter was about 73 nm (Fig. 2) . Most gold nanoparticles self-assembled near each other by forming randomly distributed one-dimensional patterns. 29 Detection of NE Using Barcode Probes Many factors can limit the performance of DNA-barcodebased immunoassays. These factors include the type of particles or antibodies, the attachment chemistry, and the effectiveness of the removal and washing steps. Of these, the immunological affinity of the immunoprobes toward their analytical target plays the most important role. In our study, the concentration range required for detection could easily be differentiated from that of a negative control (0 ng/mL). To determine this, the magnetizable sphere immunoprobes were successively incubated with increasing concentrations of NE. After the incubation period, the samples were treated with protease K, and the barcode DNA was eluted. Finally, 50 L DNA-free water was added to dissolve the DNA for PCR analysis ( Fig. 3(a) ). A linear relationship was observed between the target concentration and NE barcode DNA PCR signal intensity over five different NE concentrations ranging from 1 to 100 nM ( Fig. 3(a) ). It should be noted that inadequate washing might produce false negative results in any immunoassay. However, both washing solutions were demonstrated to be free of NE after washing was repeated three times, as shown by the absence of any PCR signal at the 0 ng/mL concentration ( Fig. 3(a) ). The NE-conjugated DNA, formed through a selfassembled gold substrate, was examined by Raman spectroscopy. SERS phenomena involving Au nanoparticles have been well-documented because their signals can be identified at the single-molecule level by association with the resonance effect of the adsorbed molecule. 30 Using SERS, we detected signal levels corresponding to four different NE concentrations ranging from 0 to 100 nM, and the intensity of the NE barcode DNA signals increased in a dose-dependent manner (Fig. 3(b) ). We obtained SERS spectra for a range of wave numbers from 500 to 1600 cm −1 (Fig. 3(b) ). The peaks that appeared were those most affected by adsorption, along with the conventional Raman spectrum of the test molecule excited by a 785 nm laser. All conventional Raman spectra were recorded using excitation lines. Furthermore, the SERS spectra recorded from different spots on the surface were identical, which demonstrated the reproducibility of the SERS substrate generated for this analysis. The Raman spectrum of the gold substrate alone was observed at 1383 cm −1 , which was similar to the pattern of the surface with single stranded, non-complementary DNA. The Raman spectrum of the NE barcode DNA, base-paired to the complementary DNA on the substrate, showed broad bands at 670, 729, 847, 1078, 1092, 1179, 1375, 1485, and 1578 cm −1 (Fig. 3(b) ). Raman peaks for DNA components were found at 670 (guanine), 729 (adenine), 847 (deoxyribose, phosphodiester), 1078 (phophodioxy), 1179 (thymine, cytosine), 1375 (thymine), 1485 (adenine, thymine, cytosine), and 1578 cm −1 (adenine, N6H 2 df). [31] [32] [33] [34] [35] A detection limit of 1 nM NE could be estimated using a signal/noise (S/N) ratio of 3. The band at 1375 cm −1 was the most intense and as such was subsequently used to record the SERS spectra; it also deviated from the barcode sequence of the gold particles. 34 When the concentration of antigen-NE was greater than 100 nM, the intensity of the SERS signal at 1375 cm −1 increased rapidly (Fig. 3(c) ). There was a good linear relationship between the Raman intensity of the 1375 cm −1 peak and the NE concentration from 1 × 10 −9 to 1 × 10 −7 M, with a correlation coefficient of 0.9801 (Fig. 3(c) ). The regression equation was Y = 11913 + 1263 5X (Y: Raman intensity; X: NE concentration).
Finally, we developed a calibration model that predicted the antigen concentration between 1 and 100 nM ( Fig. 3(d) ). Decreasing the concentration of NE caused a decrease in the relative intensities of the Raman peaks at 729 (R 2 = 0 9520), 1179 (R 2 = 0 9764), 1485 (R 2 = 0 9835), and 1576 (R 2 = 0 9835) cm −1 , which corresponded to the DNA bases. In addition, the regression equations of 729, 1179, 1485 and 1576 cm −1 were Y = 10465 + 1118 5X, Y = 10085 + 1095 5X, Y = 9644 667 + 987 0005X, and Y = 8551 3333 + 876 5X, respectively. Thus, our result showed that the SERS response increased linearly with increasing concentrations of NE. The results suggested that an NE-conjugated bio-barcode DNA ordered on Au nano-patterns is an effective tool for neurotransmitter detection by SERS-based measurements. Importantly, similar patterns were found between the SERS spectra and the PCR image in terms of the dose-dependent detection of NE. Therefore, our results demonstrated that SERS might be an important tool for monitoring neurotransmitters such as dopamine, epinephrine, and NE. 
Detection of NE in SH-SY5Y Cells by Barcode Analysis
To show that this assay has physiological relevance, it was necessary to verify that the immunoprobes captured the NE secreted by dopaminergic cells such as SH-SY5Y cells (Fig. 4(a) ). SERS analysis was exploited for this purpose as a straightforward approach to validate the usefulness of the immunoprobe. Failure to capture NE could be caused by a blocking effect of the microbeads or by nonspecific interactions between the beads and NE. Potential non-specific interactions of the immunoprobe with other catecholamines are also an important confounding factor, and should be identified to evaluate the specificity of the immunoprobes. To evaluate the clinical application potential of the proposed method, recovery experiments were performed. NE extracts were obtained from 1 × 10 6 cells/mL samples prepared from SH-SY5Y cells and the NE recovery ranged from 96.7% to 103% (Fig. 3(d) ). We obtained SERS spectra for the SH-SY5Y cells for a range of wavenumbers from 500 to 1600 cm −1 . The peaks that appeared in these spectra were mostly those affected by adsorption, along with the conventional Raman spectrum of the test molecule excited by a 785 nm laser (Fig. 4(a) ). The Raman spectrum of SH-SY5Y cells showed Raman bands at 670, 729, 847, 1078, 1092, 1179, 1375, 1485, and 1578 cm −1 . Their bands were similar to those seen in the SERS spectra of the DNA base (Fig. 4(a) ); peak identifications were as described above. The Raman spectra of NE showed similar patterns in SH-SY5Y cells. The cellular concentration of NE was calculated at Raman peaks of 1375 cm −1 and it is shown in Figure 4(b) . Thus, the concentration of NE secreted by untreated SH-SY5Y cells was determined to be 1 12 × 10 −8 M using our bio-barcode analysis ( Fig. 3(d) ). Four neurotoxins, polychlorinated biphenyls (PCBs), rotenone, 6-hydroxydopamine (6-ODHA), and bisphenol were selected as representative oxidative-stress-inducing drugs to study their effects on NE in SH-SY5Y dopaminergic cells using SERS-based DNA bio-barcode analysis. The measured Raman spectra indicated that many biochemical changes occurred after treatment with the neurotoxins, and differences in biochemical composition were evident, particularly at the Raman peaks associated with DNA. Overall, treatment with the neurotoxins decreased the relative intensities of the Raman peaks. In particular, although the 1375 cm −1 bands could be readily observed, the other peaks such as at 670, 1485, and 1579 cm −1 were not detected in the PCB, rotenone, or 5-OHDA treated cells. Also, the cellular concentration of NE was calculated at Raman peaks of 1375 cm −1 (Y = 11913 + 1263 5X). The concentration of NE was found to be 5 62 × 10 −9 M after PCB treatment, 5 56 × 10 −9 M in rotenone-treated cells, 4 27 × 10 −9 M in 5-OHDA -treated cells, and 3 12 × 10 −9 M in bisphenol A-treated cells (Fig. 4(b) 35 36 A common finding has been a significant reduction in brain dopamine and tyrosine hydroxylase and dopamine transporters levels following exposure to PCBs. 36 37 Rotenone is a common pesticide and is a well-characterized, specific inhibitor of complex I of the mitochondrial respiratory chain. Rats chronically exposed to rotenone developed the neuropathological and behavioral symptoms of Parkinson's disease resulting from the induction of apoptosis and acceleration of -synuclein formation in pharmacodynamic models in vivo and in vitro. 39 Furthermore, 6-OHDA is an oxidative neurotoxin that injures dopaminergic neurons in vivo and in vitro. It induces catecholaminergic cell death by three primary mechanisms: production of reactive oxygen species, formation of hydrogen peroxide, and direct inhibition of the mitochondrial respiratory chain. 39 Exposure to bisphenol A (BPA) at environmentally relevant levels (either 25 or 250 ng per kg of body mass) caused altered brain sexual differentiation in rat offspring. 40 Specifically, decreases in the numbers of tyrosine hydroxylase (TH) neurons were observed in the rostral periventricular preoptic area of BPA-exposed female offspring, and this removed sexual differences in the TH neurons. 41 To verify the hypothesis that a decrease in the Raman peak current is associated decreased cell viability, tetrazolium dye (MTT) analysis was performed (Fig. 4(c) ). The viability of cells decreased after treatment with PCB, rotenone, 6-ODHA, and bisphenol at 500 nM concentrations by 26.7, 30, 21.5, and 40.5%, respectively. These results demonstrated that neurotoxins such as PCBs, rotenone, 6-ODHA, and bisphenol accelerate apoptosis and decrease cell viability. Furthermore, these results verified that the Raman response was, in fact, a good measure of the effects of the toxins on cell viability. Therefore, Raman spectra are a simple way to investigate the effects of toxins on dopaminergic cells by monitoring changes in cellular physiology and viability. Thus, our technique can be used to fabricate a highly sensitive, low-cost neurotransmitter sensor for detecting environmental toxins.
Cell Image and Apoptosis Signal Cellular toxicity following PCB treatment was determined to be 73.3% in neuronal cells. Therefore, we also evaluated the relevance of apoptosis in neuronal cell death induced by PCB using annexin V-FITC staining. This analysis demonstrated that PCB treatment increased the number of apoptotic SH-SY5Y cells. As shown in Figure 5 (a), treatment with 500 nM PCB resulted in 59.66% late apoptotic cells, as compared with only 0.18% in untreated cells.
To study Bax-induced cytochrome c release during apoptosis using a neuronal cell model, we exploited the fact that Bax and cytochrome c can fluoresce after reacting with PCBs. The expression levels of cytosolic Bax and cytochrome c (Fig. 5(b) ) were elevated in the PCB-treated (15 min) , rinsed in PBS, and probed with antibodies specific for Bax and cytochrome c using standard immunocytochemistry techniques. Images were acquired using a Zeiss LSM510 Axioplan-2 upright confocal microscope using the LSM imaging software (Carl Zeiss, Jena, Germany). Scale bar: 20 m. Con, control; PCB, polychlorinated biphenyls; FITC, fluorescein isothiocyanate; PI, phosphatidylinositol.
SH-SY5Y cells as compared to untreated control cells (Fig. 5(b) ). Furthermore, Bax and cytochrome c expression in PCB-treated cells exhibited greater intensity compared to the control cells, and the cytosol of these was strongly condensed. Together, these results demonstrated the presence of PCB-stimulated apoptosis in SH-SY5Y cells, and that expression of Bax and cytochrome c was increased in PCB-treated dopaminergic cells. This suggests that oxidizing reactions of Bax and cytochrome c were involved in PCB-induced SH-SY5Y cell toxicity.
CONCLUSIONS
Gold nanoparticles, modified with an antibody and dsDNA oligonucleotides, were used for an immunosorbent biobarcode assay to detect trace amounts of NE. , which correspond to the DNA bases. The immunosorbent bio-barcode assay using modified gold nanoparticles was demonstrated to be sensitive enough to detect NE at a range of 1 to 100 nM. Treatment with neurotoxins decreased the relative intensities of the Raman peaks at 1375 cm −1 , which were used to calculate the NE concentrations secreted by SH-SY5Y cells. The concentration of NE was found to be 5 62 × 10 −9 M after PCB treatment, 5 56 × 10 −9 M in rotenone-treated cells, 4 27 × 10 −9 M in 5-OHDA -treated cells, and 3 12 × 10 −9 M in bisphenol A-treated cells. Therefore, the NE concentration in dopaminergic cells can be detected easily and rapidly using this bio-barcode assay, which can be considered a rapid, high-throughput screening tool for detecting neurotransmitters such as NE and dopamine. 
